ABSTRACT Stable ßies, Stomoxys calcitrans (L.), were orally infected with Aeromonas sp., Pseudomonas aeruginosa (Schroeter), and Serratia marcescens Bizio that were cultured on egg-yolk media, nutrient broth, and ßy egg media. Aeromonas and Serratia caused mortality when the bacteria were originally grown on egg-yolk medium. Pseudomonas was equally lethal regardless of the media on which it was cultured. A wild isolate of Aeromonas caused greater death than an isolate that had been passed through host ßies and had been reisolated from killed ßies. Mortality increased with bacterial dose for all species. Aeromonas and Serratia caused mortality within several days after ingestion, whereas Pseudomonas caused a gradual increase in mortality 3Ð7 d after ingestion. The pathologic activity of Aeromonas and Serratia required extracellular products produced when cells were grown in egg yolk medium. Aeromonas required both supernatant and cells from egg yolk medium, wereas Serratia required supernatant from egg yolk medium and cells from either nutrient broth or egg yolk medium. Mortality due to ingestion of Aeromonas was correlated with the presence of enzymes that cause ␣-and ␤-hemolysis, while mortality following ingestion of Serratia was associated with ␤-hemolysins, elastases, and chitinases.
STABLE FLIES, Stomoxys calcitrans (L.), are signiÞcant pests of cattle in conÞnement systems (Lysyk 1993) . Most biological control efforts against stable ßies have focused on using parasitic wasps, with various degrees of success. Relatively few bacteria have been identiÞed as pathogens of stable ßies (Petersen 1989) . Only a single report has examined the activity of a bacteria, Serratia marcescens (Bizio), against stable ßies (Watson and Petersen 1991) . Recently, we isolated two bacteria, Serratia marcescens (Bizio) and Aeromonas sp., from a laboratory colony and determined that stable ßy larvae exposed to these bacteria while feeding on egg yolk medium died within the Þrst instar (Lysyk et al. 1999) . We have subsequently identiÞed a species of Pseudomonas that caused mortality in stable ßies.
Several species of Diptera are infected by S. marcescens, including stable ßies (Watson and Petersen 1991) , house ßies, Musca domestica (L.) (Benoit et al. 1990 ) blow ßies, Lucilia sericata (Meigen), (OÕCallaghan et al. 1996) , and various species of tsetse (Poinar et al. 1979 , Onoviran et al. 1985 , Kaaya and Daarji 1989 . Aeromonas punctata is a pathogen of the mosquito, Anopheles annulipes Walker (Kalucy and Daniel 1972) . Members of the genus Pseudomonas are pathogens of the Caribbean fruit ßy, Anastrepha suspensa (Loew) (Greany et al. 1977) and M. domestica (Amonkar et al. 1967) . It would therefore be useful to examine the potential of these bacteria for biological control of stable ßies.
Serratia marcescens, members of the genus Aeromonas, and Pseudomonas aeruginosa may be pathogenic against a variety of insects, and the pathogenic activity is related to production of bacterial enzymes (Tanada and Kaya 1993) . S. marcescens, aeromonads, and pseudomonads produce a variety of these extracellular enzymes (Franczec et al. 1986 , Pemberton et al. 1997 and enzyme production can be modiÞed by bacterial cultural conditions. For example, cultural conditions affect the production of protease, hemolysin,and cytotoxin ( Riddle et al. 1981 , OÕReilly and Day 1983 , Mateos et al. 1993 by Aeromonas hydrophila (Chester) Stanier as well the synthesis of cytotoxin (Carbonell et al. 1996) and lipase (Bashkatova and Severina 1979) in S. marcescens. Protease, elastase, and toxin A (ADP-ribosyl transferase) production in P. aeruginosa are also inßuenced by cultural conditions (Bjorn et al. 1979) .
The purpose of this study was to examine if bacterial culture media inßuences the virulence of Aeromonas, Pseudomonas, and Serratia against the adult stable ßy by inßuencing enzymes produced by the bacteria. We determined if bacteria cultured in various media then fed to adult ßies caused different levels of mortality. We then examined if mortality in stable ßies was dose dependent, determined if virulence is attributed to cells or extracellular products, and examined the effect of media on the production of extracellular products.
Materials and Methods
Stable Fly Assays. Experiments were conducted using newly emerged (Ͻ24 h old) stable ßy adults obtained from the LRC colony that were reared at Lethbridge Research Center using methods outlined by Lysyk (1998) . Experiments were conducted in small bioassay cages prepared from translucent resealable plastic food containers (13 cm long, 11 cm wide, 10 cm high) (Plastiques Cabano, Cabano, PQ). Access to the cage was provided by a hole (11 by 9.5 cm) cut in the lid of the container. The lid was removed, a piece of orthopedic stocking was placed over the outside of the container, and the lid was placed on top to hold the stocking in place. The stocking was knotted with a wire clip. During assays, ßies were fed bacteria for 24 h, blood and 10% fructose in separate dishes for the next 24 h, and 10% fructose for the remainder of the assay. Cages were examined daily and dead ßies were removed and counted.
Bacteria. Serratia marcescens and Aeromonas sp. were isolated and characterized as previously described (Lysyk et al. 1999) . P. aeruginosa was originally isolated from dead stable ßies in a group of laboratory-reared ßies displaying signs of disease. Hemocoel contents from several dead stable ßies were streaked onto nutrient agar and incubated overnight at 28ЊC. Bacterial isolates were identiÞed as Pseudomonas aeruginosa by fatty acid methyl ester (FAME) analysis (Paisley 1996) . Stock cultures of all bacteria were maintained at Ϫ80ЊC in 85% nutrient broth and 15% glycerol in sterile 1.5-ml microtubes. Bacteria used in experiments were plated from the stock cultures onto nutrient agar and grown overnight at 28ЊC.
Experiment 1: Effect of Host Passage and Culture Media on Stable Fly Mortality. Wild type isolates of each bacterial species were reared from the original glycerol stocks. Passed isolates were derived from the original wild type isolates and were reisolated from dead stable ßies that were killed following ingestion of the original wild isolates. Wild and passed isolates of each species of bacteria were reared in liquid cultures of nutrient broth (BDH, Darmstadt, Germany), egg yolk medium 4 (Watson et al. 1993) , and ßy egg medium (1.0 g peptone, 2.0 g NaCl, 0.26 g KH 2 PO 4 , 2.6 g Na 2 HPO 4 , and 10 ml of crushed stable ßy eggs per liter). The ßy egg medium was used to determine if bacterial enzymes were induced in the presence of stable ßy proteins. Cultures were grown overnight at 28ЊC while shaken at 200 x g. Bacteria cultured in egg yolk medium 4 and nutrient broth were used directly from the growth ßasks. Bacteria did not grow well in ßy egg medium, therefore the cells were concentrated by centrifugation to an optical density (at 600 nm) that was equivalent to that of cells grown overnight in nutrient broth. The concentrated cells were resuspended in ßy egg medium culture supernatant. Cell densities were determined for each bacterial suspension using viable plate counts.
Wild and passed isolates reared on each medium were fed to adult stable ßies housed in the standard assay cages. Three cages of 30 adults (Ͻ24 h old) were set up for each bacterial treatment (wild or passed isolate and culture media combination). Flies were fed 1 ml of bacterial culture (containing cells and supernatant) mixed into 3 ml of deÞbrinated cattle blood. Control ßies were fed 1 ml of sterile culture media added to 3 ml of blood. The experiment was terminated after 8 d.
Cumulative % mortality was calculated for each treatment and bacteria species, and plotted to visualize trends over time. Mortality data were analyzed separately for each bacterial species using CoxÕs proportional hazards regression. This procedure calculates a nonparametric hazard function deÞned as the probability of dying in the next time interval given that the individual has survived the previous interval (Woodward 1999) . Covariates were used to estimate proportional shifts in the hazard function due to the presence of one or more factors. The factors were deÞned using dummy variables to describe the bacteria (wild, passed, or none ϭ control) where T 1 ϭ 1 if bacteria were wild, 0 otherwise, and T 2 ϭ 1 if bacteria were passed, 0 otherwise. Initial analyses were conducted using media as a stratiÞcation variable to determine if the hazard functions were similar among media. If hazard functions varied signiÞcantly among media, separate analyses were conducted for each. Analyses were conducted using the SURVIVAL function of SYSTAT (SPSS 1998).
Experiment 2: Dose-Response. Mortality of adult stable ßies was determined for four dilutions of each of Serratia, Aeromonas, and Pseudomonas cultures grown in egg yolk medium 4. Cultures were grown overnight at 28ЊC while shaken at 200 ϫ g. This stock culture was considered a 1 X dose, and cell densities were determined using viable plate counts. Doses of 0.1, 1, 10, and 100 X were prepared for Serratia and Aeromonas. Doses of 0.01, 0.1, 1, and 10 X were prepared for Pseudomonas. The 0.1 and 0.01 X doses were prepared by serial dilution with sterile egg yolk medium 4. The 10 and 100 X doses were prepared by concentrating cells from the 1 X culture by centrifugation at 9,000 ϫ g for 1 min, then resuspending cells in reduced volumes of culture supernatant. The experiment was replicated three times with fresh 1 X cultures grown for each replicate. The 1 X doses for Aeromonas were 1.08 (Ϯ0.12) ϫ 10 9 , 2.93 (Ϯ0.42) ϫ 10 9 , and 1.37 (Ϯ0.15) ϫ 10 9 CFU/m blood for replicates 1, 2, and 3, respectively. The 1 X doses for Pseudomonas were 1.34 (Ϯ0.14) ϫ 10 9 , 1.78 (Ϯ0.20) ϫ 10 9 , and 1.45 (Ϯ0.14) ϫ 10 9 CFU/m blood for the three replicates, and the 1 X doses for Serratia were 2.93 (Ϯ0.12) ϫ 10 10 , 2.49 (Ϯ0.26) ϫ 10 9 , and 2.25 (Ϯ0.25) ϫ 10 9 CFU/m blood Three cages of 30 ßies Ͻ24 h old for each dose plus untreated controls were prepared for each replicate. Flies were fed 1 ml of bacterial culture in 3 ml of blood. Control ßies were fed 1 ml of sterile culture media in 3 ml of blood. Dead insects were removed daily and recorded. Cumulative percentage mortality was calculated for each dose and plotted. Proportional hazards regression was used as previously to determine the inßuence of increasing dose on mortality through time. Doses were expressed as the log 10 cells/m blood. Dummy variables were calculated for each dose such that X 7 ϭ 1 if the dose was in the range 1.08 Ð2.93 ϫ 10 7 cells/m blood, 0 otherwise; X 8 ϭ 1 if the dose was in the range 1.08 Ð2.93 ϫ 10 8 cells/m blood, 0 otherwise; and so on for X 9 , X 10 , X 11 , and X 12 .
Experiment 3: Effect of Culture Media on Cellular and Extracellular Virulence Factors. The contribution of supernatant and cells to stable ßy mortality was determined for each wild bacterial species cultured in egg yolk medium 4 and nutrient broth. Egg yolk medium 4 and nutrient broth were selected as cultures grew to approximately the same cell density in these media. Cultures were grown overnight at 28ЊC while shaken at 200 ϫ g. Cells from 1 ml of culture were separated by centrifugation at 9,000 ϫ g for 1 min, washed twice in sterile buffer (2.0 g NaCl, 0.26 g KH 2 PO 4, and 2.6 g Na 2 HPO 4 per liter), and resuspended in 1 ml of sterile media. Supernatant was placed into a new tube and remaining cells were removed by centrifugation at 12,000 ϫ g for 3 min. Supernatant was not Þlter-sterilized since egg yolk medium 4 plugs the membrane. This technique reduced the cell content of the supernatant without the use of chemical or heat treatments that may have interfered with enzyme activity. Cells in the cell suspensions and supernatant were enumerated using viable plate counts.
Three cages of 30 ßies each were assayed for each treatment. Treatments were prepared for each bacterial species and consisted of sterile egg yolk medium, egg yolk medium cell suspension, egg yolk medium supernatant, egg yolk medium cells ϩ supernatant, sterile nutrient broth, nutrient broth cell suspension, nutrient broth supernatant, nutrient broth cells ϩ supernatant, egg yolk medium cells ϩ nutrient broth cells, egg yolk medium cells ϩ nutrient broth supernatant, egg yolk medium supernatant ϩ nutrient broth cells, and egg yolk medium cells ϩ nutrient broth cells. Adult ßies were fed 1 ml of the preparations in 3 ml of blood using the regime described earlier. Mortality was assessed at 2-d for Aeromonas and Serratia, and 7 d for Pseudomonas. Mortality among treatments were compared using analysis of variance (ANOVA) and means separated using the Fisher least signiÞcant difference test (LSD).
Experiment 4: Effect of Media on the Production of Extracellular Products. Plate diffusion assays were used to determine the production of enzymes in cell and cell-free extracts of Aeromonas, Serratia, and Pseudomonas grown in egg yolk medium 4, nutrient broth, and ßy-egg medium. Plates containing 20 ml of enzyme speciÞc media were prepared as follows. Medium for detecting hemolytic activity was prepared by adding 10 g agar and 10 g NaCl to 950 ml distilled H 2 O, autoclaving for 30 min at 120ЊC, then adding 50 ml of sterile bovine blood to the medium when it had cooled to 45ЊC (Mateos et al. 1993) . Medium for detecting lecithinase activity was prepared by adding 10 g agar to 1,000 ml distilled H 2 O, autoclaving for 30 min at 120ЊC and adding 4 ml of a 0.5% solution of L-␣-lecithin (L-␣-phosphatidylcholine; Sigma, St. Louis, MO) to medium when it had cooled to 55ЊC (Thaler et al. 1998) . Medium for detecting chitinase was prepared using hydrolyzed chitin (Lingappa and Lockwood 1961) . The hydrolyzed chitin was prepared by dissolving 50 g of crabshell chitin (Sigma) in 150 ml of 12 N HCl, mixing for a minimum of 1 h, then adding 200 ml ice water. The solution was neutralized to pH 7.0 with 5 M NaOH, centrifuged at 4,000 x g for 20 min and the supernatant discarded. The pellet was washed twice with 200 ml 0.2 M phosphate buffer (pH 7.0), centrifuged, and the supernatant discarded. Sterile distilled water was added to the pellet to a Þnal concentration of 8.5% (dry weight:vol) and the solution stored at 4ЊC. Medium was prepared by adding 10 g agar and 60 ml hydrolyzed chitin to 940 ml distilled H 2 O and autoclaving for 30 min. Lipase activity was detected on sterile agar plates (8 g agar to 1,000 ml of distilled H 2 O) using the method of Kouker and Jaeger (1987) . Medium for detecting elastase activity was prepared by adding 10 g agar and 2.5 g elastin (Sigma) to 1,000 ml distilled H 2 O and autoclaving for 30 min (Mateos et al. 1993) . Proteinase activity was determined on medium that was prepared by adding 10 g agar and 20 g of skim milk powder to 1,000 ml of distilled H 2 O and autoclaving for 30 min (Mateos et al. 1993) .
Cell cultures of each species were grown overnight in egg yolk media 4, nutrient broth, and ßy egg media at 28ЊC while shaken at 200 ϫ g Cultures were centrifuged for 2 min at 9,000 ϫ g and the cell pellets washed in buffer containing 2.0 g NaCl, 0.26 g KH 2 PO 4 , and 2.6 g Na 2 HPO 4 per liter. The cells were pelleted by centrifugation for 2 min at 9,000 ϫ g, and resuspended to the original volume in fresh buffer. Supernatant was placed into a new tube and remaining cells were removed by centrifuging at 12,000 ϫ g for 3 min.
Enzyme activity of cell extracts raised in each medium were tested on Þve plates for each bacterial species. Supernatants from each species raised in each media were also evaluated on Þve plates per species. Four wells were formed in the agar plate using the broad end of a sterile glass pipette. Fifty microliters of cell suspension or supernatant was placed into the wells of the Þve plates using randomized design according to culture media. The plates were incubated at 28ЊC for a speciÞed time.
Hemolysin plates were incubated for 24 h. A green zone around the well indicated the presence of alpha hemolysis and a clear zone indicated ␤-hemolysin. Lecthinase plates were incubated for 48 h and positive reactions were indicated by a zone of precipitated water-insoluble fatty acids from hydrolyzed lecithin. Chitin plates were checked for chitinase activity at 48 and 72 h and a clear zone of chitin hydrolysis indicated chitinase activity. Plates for elastase activity were incubated for 24 h and clearing indicated elastase hydrolysis. Protease plates were incubated for 24 h and clearing around the wells indicated protease activity. Lipase activity was detected by placing 30 (l of cells or supernatant, 10 l of ßax oil (Herbal Select, Guelph, Ontario), and 10 mu]l of rhodamine B (1 mg/liter, Þlter sterilized; Sigma) into each well, incubating for 24 h, and detecting an orange ßuorescent zone under longwave UV light.
Results

Experiment 1: Effect of Host Passage and Culture
Media on Stable Fly Mortality. The temporal patterns in mortality of stable ßies fed a single dose of Aeromonas reared on the various culture media are shown in Fig. 1 . Mortlaity in the control groups were low for the Þrst 7 d of the experiment (Fig. 1) . Hazard functions varied signiÞcantly among culture media (( 2 ϭ 16.5, df ϭ 2, P Ͻ 0.0003), therefore separate regressions were performed for each media and results shown in Table 1 . Wild bacteria reared on egg yolk medium was the only combination that signiÞcantly increased mortality: none of the other combinations resulted in a signiÞcant increase in mortality ( Fig. 1 ; Table 1 ). The risk ratio (95% CL) for this combination indicated that ßies fed wild Aeromonas reared on egg yolk media had a 3.32 times greater risk of death compared with controls. This increase occurred within 24 h of treatment. The dose administered in the wild-egg yolk media combination was 4.2 ϫ 10 8 CFU/m blood. Doses in the remaining combinations ranged from 3.0 ϫ 10 8 to 6.6 ϫ 10 8 CFU/m blood. It is unlikely that such a small range of doses could have biased the results.
The pattern of mortality for stable ßies fed Pseudomonas are shown in Fig. 2 . Mortality in the control groups was low for the Þrst 5 d of the experiment, then increased though day 8 (Fig. 2) . Doses ranged from 0.58 ϫ 10 8 to 1.27 ϫ 10 8 CFU/m blood. Hazard functions varied signiÞcantly among media ( 2 ϭ 51.2, df ϭ 2, P Ͻ 0.0001). Mortality was signiÞcantly increased for all combinations of wild and passed bacteria reared on the various media (Table 1) , and the risk ratios ranged Fig. 1 . Mortality of stable ßy adults after feeding on blood containing Aeromonas sp. Wild isolates were the original strain, passed isolates had been reisolated from ßies killed after feeding. NB, nutrient broth: FE, ßy egg medium: EY, egg yolk medium. , control: OE, wild: f, passed. (Fig. 2) . The hazard functions for ßies fed Serratia varied signiÞcantly among media ( 2 ϭ 7.7, df ϭ 2, P ϭ 0.02). Mortality in the control groups was low for the Þrst 5 d, then increased through day 8 (Fig. 3) . Wild and passed Serratia reared on egg yolk medium were the only combinations that caused signiÞcant mortality (Table  1 ). The patterns of mortality were similar between the two (Fig. 3) , with most mortality occurring soon after ingestion. Flies fed wild and passed Serratia reared on egg yolk media received similar doses (Table 1) . This dose was slightly higher than that administered for wild and passed Serratia reared on ßy-egg medium, but lower than the dose administered for wild and passed Serratia reared in nutrient broth. Mortality of ßies fed Pseudomonas was signiÞcantly higher than that of the controls for each dose ranging from 10 7 to 10 10 . The risk ratios tended to increase with dose but were similar for ßies fed the 10 8 and 10 9 doses. Mortality of ßies fed Pseudomonas tended to occur from 3 to 7 d following ingestion (Fig. 4) .
Mortality of ßies fed Serratia was signiÞcantly higher than those of the controls for all doses in the Fig. 2 . Mortality of stable ßy adults after feeding on blood containing Pseudomonas aeruginosa. Wild isolates were the original strain, passed isolates had been reisolated from ßies killed after feeding. NB, nutrient broth; FE, ßy egg medium,: EY, egg yolk medium. F, control: OE, wild; f, passed. Fig. 3 . Mortality of stable ßy adults after feeding on blood containing Serratia marcescens. Wild isolates were the original strain, passed isolates had been reisolated from ßies killed after feeding. NB, nutrient broth: FE, ßy egg medium: EY, egg yolk medium. F, control: OE, wild, f, passed. The relationships between actual dose and time to 50% mortality are shown in Fig. 5 and regression estimates listed in Table 3 . The relationship was quite variable for Aeromonas, as indicated by the low r 2 . Better Þt was obtained for Pseudomonas and Serratia (Table 3) . The time to 50% mortality tended to decrease only at the highest doses for both Aeromonas and Serratia, but showed a more consistent tendency to decrease as the dose of Pseudomonas increased. The results are consistent with the patterns seen using the proportional hazards regression.
Experiment 3: Effect of Culture Media on Cellular and Extracellular Virulence Factors. Mortality at 2 d varied signiÞcantly among treatments for ßies fed Aeromonas (F ϭ 50.3; df ϭ 11, 22; P Ͻ 0.0001: however, this mortality occurred only when ßies were fed a combination of cells and supernatant from bacteria reared in egg yolk medium (Fig. 6) . No other treatment caused mortality that was signiÞcantly higher than controls. Both cells and extracellular products appear to be required to cause mortality. Cell densities averaged 2.07 (Ϯ0.08) ϫ 10 9 and 1.18 (Ϯ0.10) ϫ 10 9 for the nutrient both and egg yolk medium cell suspensions, respectively. Centrifugation did not remove the cells completely from the supernatant, but the cell densities in the supernatant were 7.36 (Ϯ0.03) ϫ 10 6 for nutrient broth supernatant and (4.5 ϫ 10 7 for the egg yolk medium supernatant. Variability for the egg yolk medium supernatant was not assessed as the cell densities were Ͼ600 per plate. However, cell densities in both supernatant preparations were well below the 10 8 Ð10 9 level required for signiÞcant mortality (Table  2) . Mortality at 7 d varied signiÞcantly among treatments for ßies fed Pseudomonas (F ϭ 5.5; df ϭ 11, 22; P Ͻ 0.0004). Flies fed any combination of cells and supernatant reared in either nutrient broth or eggyolk medium had higher mortality than control ßies fed media alone. Since mortality occurred when cells only were present, it is unlikely that extracellular products are required to cause mortality. Cell densities in the nutrient broth and egg yolk media cell suspensions were 6.50 (Ϯ0.88) x 10 8 and 1.46 (Ϯ0.11) x 10 9 respectively, and were 1.92 (Ϯ0.07) x 10 6 and 1.15 (Ϯ0.23) x 10 6 in the nutrient broth and egg yolk medium supernatant.
Mortality at 2 d varied signiÞcantly among treatments for ßies fed Serratia (F ϭ 39.2; df ϭ 11, 22; P Ͻ 0.0001). Neither cells nor supernatant alone caused any signiÞcant mortality: however, mortality was highest when ßies were fed a combination of cells and supernatant from egg yolk media, as well as when fed cells from nutrient broth combined with supernatant from egg yolk medium (Fig 6) . Mortality requires some extracellular products in addition to the cells. Cell densities averaged 1.91 (Ϯ0.08) ϫ 10 9 and 1.42 (Ϯ0.02) ϫ 10 9, respectively, for the nutrient broth and egg yolk medium cell suspensions, and averaged 1.57 (Ϯ0.69) ϫ 10 6 and 5.6 (Ϯ0.11) ϫ 10 6 for the nutrient broth and egg yolk medium supernatants.
Experiment 4: Effect of Media on the Production of Extracellular Products. Aeromonas expressed a wide variety of enzymes in both the cell and supernatants (Table 4) . Lecithinase was the only enzyme not detected in either the cell extracts or supernatants. Lipase was detected from cells grown on ßy egg medium, but not on the other media. A second major difference among media was in hemolysin activity. Egg yolk media was the only one that produced both ␣-and ␤-hemolysin. Nutrient broth and ßy egg medium produced weak ␤-hemolysin. Pseudomonas did Fig. 5 . Relationship between dose and time to 50% mortality for stable ßy adults fed Aeromonas (Ae), Pseudomonas (Ps), and Serratia (Sr). Lines are regression equation from Table 3 . Table 3 . Regression parameters for the relationship between bacterial cell density and time to 50% mortality of adult stable flies 
where X is density of bacteria in blood meal (CFU/ml blood) and T 50 is time to 50% mortality. n ϭ 45 per bacteria species. not show any chintinase activity, but produced a wide range of enzymes in both the cell and supernatant fractions (Table 4) . Serratia had relatively few enzymes associated with the cells. Egg yolk medium cells and supernatant had lecithinase activity, and supernatant had ␤-hemolysin, elastase, and chitinase activity (Table 4) .
Discussion
Passage of a pathogen though hosts can either result in increasing or decreasing virulence of the pathogen (Tanada and Kaya 1993). In our experiments, host passage did not enhance the virulence of any of the pathogens, and in fact, may have decreased virulence of Aeromonas. Decreasing virulence by passage through a host may result if the pathogen is cultured on an unfavorable host (Tanada and Kaya 1993), suggesting that stable ßies may not be an appropriate host for this pathogen.
Death of adult stable ßies occurred within 1Ð2 d after ingestion of wild Aeromonas grown in egg yolk medium. Doses of 10 9 and 10 10 cells/m caused similar levels of mortality, but increasing the dose to 10 11 cells/m blood increased mortality further. A 10-fold increase in the number of Aeromonas punctata cells in larval rearing media of the mosquito Anopheles annulipes increased mortality from 34 to 75% (Kalucy and Daniel 1972) .
Pseudomonas caused increased mortality of stable ßies 3Ð7 d after ingestion, regardless of the media grown on. Mortality tended to increase in a dosedependant fashion and was comparatively high when ßies were fed 10 7 Ð10 10 cells/m blood. Pseudomonas aeruginosa was also pathogenic to Glossina morsitans morsitans (Westwood), causing increased 24 Ð91% mortality 2Ð5 d after ßies were membrane-fed on blood containing 10 6 cells/m (Kaaya and Daarji 1989) . Mortality increased slightly when doses were increased 10-fold. The timing of mortality in G. m. morsitans is similar to that observed in our study.
Serratia grown on egg yolk media caused mortality in adult stable ßies within 1Ð2 d after ingestion, similar to what was observed with Aeromonas. Mortality increased with dose, and the time to 50% mortality increased sharply as dose was increased. Other studies with blood-feeding Diptera suggest that Serratia causes death rapidly. Serratia isolated from wild populations of stable ßies also caused mortality within 2 d of exposure by walking on bacteria grown on tryptic soy agar plates (Watson and Petersen 1991) . Mortality after ingestion was low and occurred 5Ð 6 d after exposure: however, the doses used were low, 7.9 x 10 9 cells/m, and the bacteria was grown in tryptic soy broth. Serratia applied to rabbit ears by brushing or spraying also caused mortality in Glossina m. morsitans and G. pallidipes Austen within 6 d, a relatively short time for these long-lived species (Poinar et al. 1979) . S. marcescens fed to G. m. morsitans caused 25Ð 83% mortality from 2 to 8 d after feeding through membranes on blood containing 10 6 cells/m (Kaaya and Daarji 1989) . A 10-fold increase in dose increased mortality to 33Ð96% 2Ð 8 d postfeeding. Glossina palpalis (Robineau Desvoidy) had 65Ð90% mortality after feeding on blood containing S. marcescens (Onoviran et al. 1985) . The LD 50 was calculated as 10 4 cells/m blood. Tsetse mortality occurs at lower doses than we used: however, tsetse take larger blood meals than stable ßies and may ingest more cells in a single blood meal. Serratia has also been shown to cause mortality in nonbloodfeeding Diptera. House ßies showed 50% mortality 72 h after feeding on sugar treated with Serratia applied to sugar cubes (Benoit et al. 1990 ), and Lucilia serricata had 21Ð 45% mortality 7 d after being fed Serratia (OÕCallaghan et al. 1996) .
Aeromonas and Serratia had different patterns of mortality and required higher doses to kill stable ßies than Pseudomonas, suggesting they vary in mode of action. Mortality occurred earlier in ßies fed Serratia and Aeromonas compared with those fed Pseudomonas, perhaps due to the production of toxic enzymes rather than causing an invasive disease. This is supported by the observation that mortality caused by Aeromonas and Serratia was inßuenced by bacterial culture media before ingestion while mortality caused by Pseudomonas was not. The risk ratios for ßies fed Aeromonas and Serratia were similar at comparable doses, but were higher than for ßies fed Pseudomonas. The risk ratio for ßies fed 10 7 Pseudomonas was 2.3; this risk ratio occurred when ßies were fed 10 9 and 10
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Aeromonas and Serratia, respectively. It therefore appears that even though Pseudomonas does not cause mortality as soon after ingestion as the other bacteria, it does cause overall greater levels of mortality. Additionally, increasing the doses of Pseudomonas caused a montonic decrease in the time to 50% mortality, whereas high mortality was associated with only the highest doses of Serratia and Aeromonas. Previous studies have indicated that live cells of Serratia are required to cause mortality in insects. Heated and unheated supernatant from cells grown in Table 4 . Enzyme activity of cell extracts and supernatants of three species of bacteria reared on egg yolk (EY), fly egg (FE), and nutrient broth (NB) media yeast and peptone solution, cell-free spent broth and heat-killed cells had no effect on tsetse, house ßy, or blow ßy adults (Poinar et al. 1979 , Benoit et al. 1990 , OÕCallaghan et al. 1996 . Our results indicated that cells alone and supernatant alone did not cause mortality, but live cells mixed with supernatant from cells grown in egg yolk medium did cause mortality. Virulence is thus not associated with a single cellular factor, but requires extracellular products that are affected by cultural conditions. With Aeromonas, cells grown in egg-yolk medium cause mortality only when combined with supernatant from cells grown in egg yolk medium. Virulence therefore requires both cells and extracellular products that are affected by cultural conditions. The effects also appear transitory as mortality did not persists past 1Ð2 d. Infected ßies either die within 1Ð2 d or survived the infection.
Pseudomonas apparently does not require any extracellular products for virulence as cells alone caused mortality in experiment 3. The cell concentration in the supernatant treatments of experiment 3 were high enough (10 6 ) to have possibly inßuenced the results, therefore we cannot attribute mortality to extracellular products in the supernatant treatments. Amonkar et al. (1967) demonstrated that mortality of house ßies caused by a related species of Pseudomonas was associated with an exotoxin, but since P. aeruginosa cells alone caused mortality, exotoxins are not required for virulence.
The toxic activity of Aeromonas grown on egg-yolk medium may have been related to the presence of ␣-and ␤-hemolysins in both the cell and supernatant fractions (Table 4) . In experiment 3, mortality occurred only when both cells and supernatant from Aeromonas grown in egg-yolk medium were present. (␣-hemolysin was not detected in the cell and supernatant fractions of Aeromonas grown in nutrient broth or ßy egg medium, and only weak ␤-hemolysis was detected. Both ␣-and ␤-hemolysis were detected in cell and supernatant fractions of Pseudomonas grown in all media, and all fractions had toxic activity. Serratia grown in egg-yolk medium had ␤-hemolysin activity, and this supernatant was required in the presence of cells for toxic activity in experiment 3. It thus appears that mortality was associated with hemolytic enzymes. Hemolytic activity was associated with the failure of house ßy larvae to grow on blood agar-plates inoculated with a strain of Bacillus cereus Frankland & Frankland (Schmidtmann and Martin 1992) .
Bacterial growth media can affect the production of extracellular toxins and enzymes by a variety of bacteria (see Tsai et al. 1997 , Lee et al. 1999 for examples). Our results suggest that bacterial culture media can inßuence the enzymes expressed by Serratia and Aeromonas, and that this variation is associated with virulence of the pathogens. This is consistent with the idea that these two bacteria may be facultative pathogens. Rapid mortality in insects fed Aeromonas and Serratia suggest these can produce active toxins when grown in speciÞc media. This should be considered in further work evaluating their use for biological control of stable ßies. IdentiÞcation of the toxic enzymes may be useful to deÞne a biological toxin active against these ßies. Pseudomonas likely requires a period of growth within the insect before mortality occurs, and was virulent regardless of the bacterial culture media. This suggests that Pseudomonas may have some potential for biocontrol of stable ßies. Since bacterial culture conditions did not affect its activity against stable ßies, inoculation of wild populations may lead to epizootics. The mechanisms of pathogenicity of this isolate and mechanisms of transmission would prove fruitful areas for further research.
